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Abstract

This work studies the pressure control of a large cryogen storage tank in micro-
gravity using a series of parametric numerical simulations. The complete governing
equations in the liquid region are coupled to a lumped thermodynamic treatment
of the vapor region. It is shown that even in microgravity buoyancy effects rapidly
bring the vapor region up to the tank wall. Long-term pressurization studies show
that natural convection still leads to considerable thermal stratification in the lig-
uid. A subcooled liquid jet is used to control the pressure rise. At its lowest speed,
the jet cannot penetrate far enough into the liquid region to cool the vapor because
of retarding buoyancy forces. As the jet speed is increased, it is shown to be quite
effective at disrupting the thermal stratification and reducing the tank pressure in
a reasonable amount of time.
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1 Introduction

The extension of human space exploration from low Earth orbit into the fur-
ther reaches of the solar system is one of NASA’s biggest challenges for the
next millennium. The projected exploration programs include a series of hu-
man and robotics expeditions to low and high Earth orbit, the Moon, Mars
and possibly to the asteroids and other planetary moons.

* Corresponding Author. Tel.: (440) 413-1097; fax: (216) 433-5033
Email address: Charles.H.Panzarella@grc.nasa.gov (Charles Panzarella).

Preprint submitted to Elsevier Science 3 March 2004



With the exception of extremely short-duration missions, significant cost sav-
ings can be achieved if the launch mass can be reduced by improving the
cryogenic storage and transfer technologies [1]. Cryogen vaporization is one of
the main causes of mass loss and leads to the self-pressurization of the storage
tanks. Vaporization can occur during the filling process or may be caused by
heat leaks into the tank from the surrounding environment. Ordinarily, the
excess pressure can be relieved by direct venting to the environment. For on-
surface applications, such as those on the surface of the Earth, Moon or Mars,
the spatial configuration of liquid and vapor is dictated by gravity and is well
known. In this situation, continuous venting can be easily accomplished, but
over a significant length of time it results in considerable cryogen mass loss.
For in-space applications, the spatial configuration of liquid and vapor is gen-
erally unknown, and direct venting without pre-positioning of the two phases
is precluded due to the possibility of expelling liquid along with the vapor.
Moreover, venting in space is also undesirable because it prohibits manned
flight operations around the storage tanks.

Therefore, from both safety and cryogen conservation viewpoints, a ventless
pressure control strategy is highly desirable for both on-surface and in-space
applications. The zero boil-off (ZBO) pressure control strategy has been pro-
posed as an effective means of achieving ventless storage through the synergetic
application of active cooling and forced mixing [2]. This can be accomplished
by using cryocoolers along with impellers, liquid jets or spray bars. The trans-
port mechanisms in such a situation can be extremely complex and require
hand-in-hand experimental and theoretical elucidation before being applied in
practice.

The self-pressurization of cryogen storage tanks has been the subject of many
previous experimental investigations (see Panzarella and Kassemi [3] for a
somewhat comprehensive list), but very few have considered the differences
due to reduced-gravity conditions. One such work [4] shows that the initial rate
of pressurization is lower under reduced-gravity conditions than under normal-
gravity conditions, and this was primarily attributed to an increase in the tank
wall surface area covered by liquid. Other aspects of cryogen storage have been
considered such as the effect of a liquid jet on the bulk mixing behavior [5,6]
and its ability to control the tank pressure [7] and reduce thermal stratification

[3].

Previous numerical studies of tank pressurization have been primarily limited
to purely thermodynamic treatments [9-11], fluid flow and thermal stratifi-
cation in the liquid without any consideration of the resultant pressure rise
in the vapor [12-17], or the evolution of the phase distribution without any
thermal considerations [18-25].

Panzarella and Kassemi [3] have developed a more comprehensive numerical



model by coupling a lumped thermodynamic treatment of the vapor region
with a direct numerical simulation of the Navier—Stokes, energy and continu-
ity equations in the liquid region. In this way, the effect of the heat and mass
transport in the liquid region on the tank pressure rise can be determined.
This approach has already been used to investigate the pressurization of a
small ground-based tank [3] as well as a larger tank in both zero gravity and
microgravity environments [26]. It was shown that the initial rate of pressur-
ization depends on the particular heat flux distribution prescribed on the tank
wall even though the final rate of pressurization agrees with a purely thermo-
dynamic description of the entire tank. It was also shown that the pressure
rise in a ground-based tank could be controlled by using a subcooled liquid
jet.

The present work investigates the plausibility of controlling the pressure rise
for a large tank in microgravity by using a subcooled liquid jet. In microgravity
the vapor region could be anywhere in the tank, but it will be shown that it
still tends to migrate towards the tank wall rather quickly due to residual
buoyancy forces. Consequently, long-term pressurization is examined with the
vapor region fixed near the tank wall. It is shown that pressure control can
be achieved in this manner as long as the jet has sufficient momentum to
overcome the downward buoyancy force that hinders the upward motion of
the cooler jet.

2 Cryogenic Tank Model

This paper considers a large spherical tank in microgravity filled with liquid
cryogen and its saturated vapor as illustrated in Fig. 1. This is similar to the
model developed previously to study ground-based pressurization [3] except for
the initial configuration of liquid and vapor. Here, it is assumed that the vapor
region is, at least initially, spherical and completely surrounded by liquid. A
cylindrical coordinate system is used with the origin at the center of the tank
and with the z-axis antiparallel to the direction of gravity. A typical average
acceleration for microgravity is assumed to be g = 981 x 107% cm/s, and this
constant value is used here. Comparisons are also made to solutions obtained
in zero gravity. The problem is assumed to be axisymmetric with respect to
the z-axis.

The liquid is treated as an incompressible, Newtonian fluid with constant den-
sity py, viscosity py, thermal conductivity k) and specific heat ¢;. It is described
by the standard time-dependent Navier—Stokes, energy and continuity equa-
tions. The Boussinesq approximation is used to account for buoyancy effects
with thermal expansion coefficient ;.



Fig. 1. The liquid-vapor configuration assumed for the present space-based tank
model.

The tank is heated by prescribing the steady heat flux ¢, uniformly across the
entire tank wall surface. To counter this heating effect, a subcooled liquid jet
enters from the bottom of the tank. The jet has a parabolic velocity profile
across the inlet area r < r; with average speed w; and is maintained at the
constant temperature 7j. Liquid is removed from the tank through an outlet
between r, < r < r, at the same mass flow rate in order to preserve mass.

The vapor is treated as an inviscid, compressible, ideal gas with spatially-
uniform temperature T, pressure p, and density p,. It is assumed to be in
thermal equilibrium with the surrounding liquid as dictated by the Clausius—
Clapeyron equation, so the vapor temperature is equal to the saturation tem-
perature Ty corresponding to the vapor pressure.

The temperature at the liquid-vapor interface is also set equal to the saturation
temperature corresponding to the vapor pressure. This interface is treated as
a free surface with surface tension o for the first set of short-duration results,
but for longer-duration studies, the vapor region is assumed to be spherical
and fixed near the wall. Even though the shape of the vapor region is fixed,
fluid is still allowed to flow over its surface by imposing a zero tangential-stress
boundary condition at the interface.

A Tumped-vapor model determines the vapor pressure rise due to any net heat
and mass transfer into the vapor region. The original derivation of this model
is given in [3] and further details can be found there. The final result is a single
evolution equation for the vapor pressure,

dp,
dt

= F(p.)Q, (1)



Table 1
Material properties of hydrogen at the normal boiling point temperature (20.39 K)
and other model parameters.

parameter value

B 0.0175 1/K

cy 1.012 x 10% erg/K g
c 9.7 x 107 erg/K g

ky 12440 erg/cm s K

I 1.327 x 107* g/cm s
Py 0.00133 g/cm?

Pl 0.07047 g/cm?

g 981 x 1079 cm/s?

L 4.456 x 109 erg/g
m 2.0 g/mol

Rg 8.31 x 107 erg/K mol
o 1.93 dyn/cm

R 150 cm

T 15 cm

Tn 21 cm

To 33 cm

Qw 0.01 mW /cm?

W 0.005,0.05,0.5 cm/s
T; 20K

where () is the net heat entering the vapor region, and F' is a complicated
function given by

L Lm o) 1 1 -1
F(p,) = —1e T, 1 L—p|—=—-= , 2

where L is the latent heat of vaporization, V, is the vapor volume, ¢, is the
vapor specific heat at constant volume, m is the molar mass of the cryogen,
Rg is the ideal gas constant and ps is the vapor density at the saturation
temperature. The property values used here are listed in Table 1.

The net heat flow into the vapor, @), is obtained by integrating the liquid-side
heat flux over the entire free surface. As the vapor temperature rises, so does
the interfacial saturation temperature. As the interfacial temperature rises,
this may change the temperature gradient on the liquid side of the interface,
which would change the value of ). This is how the liquid and vapor regions
are coupled together.

Comparisons are also made to a lumped thermodynamic model of the entire
tank, which assumes that the temperature and pressure are uniform through-
out the liquid region as well. The details of this simpler model can also be



found in [3].

The governing equations are solved by using an in-house modified version of
the commercial finite element code FIDAP [27]. It is modified to include the
coupled solution of the lumped-vapor analysis along with the standard solution
of the Navier—Stokes, energy and continuity equations for the liquid region.
More details about this approach and studies of the spatial and temporal
convergence for a similar problem can be found in [3]. At each timestep, an
iterative solution strategy is employed with a relative convergence tolerance
of 1075, Timesteps are chosen adaptively to keep an estimate of the time
truncation error less than 107°. The number of elements in the mesh varies
from between 1470 and 5178, depending on the case, and the mesh is refined
in regions of steeper solution gradients. The optimum mesh for each case
is determined by successively refining the grid until spatial convergence is
achieved. The mesh deforms using the method of spines as the vapor region
moves.

3 Results and Discussion

To study this problem over the whole range of pertinent timescales, three
cases are considered. In the first case, the spherical vapor bubble is assumed
to be initially at the center of the tank, and the history of the tank pressure
as well as the evolution of the liquid flow and thermal fields are examined by
following the deforming bubble as it approaches the tank wall. Its motion is
driven solely by the liquid-vapor buoyancy force.

Since the timescale for this process is much shorter than the conduction or con-
vection timescales, the second case study focuses on the temperature, pressure
and flow fields that develop over a longer time span while the vapor bubble
remains in a fixed position near the tank wall. The free-surface boundary con-
ditions are replaced by a zero shear-stress boundary condition that permits
fluid slip over the interface. In this way, the average long-term pressurization
of the tank can be studied more efficiently by taking larger timesteps.

Finally, the third case examines the possibility of controlling the tank pressure
in microgravity by using a subcooled liquid jet with the vapor region still fixed
near the wall. Three different jet speeds are considered, spanning three orders
of magnitude. For each jet speed, the time required to bring the pressure back
down to its initial value is determined. Comparisons are also made between
the microgravity and zero gravity environments.

The results are presented in terms of the history of the vapor pressure, vapor
(saturation) temperature, and the net heat flow into the vapor region. Repre-



Fig. 2. Isotherms and streamlines after (a) 259 s, (b) 463 s and (c) 567 s as the
initially-centered spherical vapor bubble rises due to buoyancy. The minimum tem-
perature is 20 K and the maximum temperature is (a) 20.00012 K, (b) 20.0058 K
and (c) 20.0072 K.

sentative flow and temperature fields in the liquid region are also presented at
given times. These fields are depicted by ten temperature and/or streamline
contours equally-spaced between the minimum and maximum values. In order
to save space and because the solution is axisymmetric, these are combined
into a single image with the isotherms on the left and streamlines on the right.
The following results are limited to a 95% full (by volume) tank.



Fig. 3. The pressure rise and net heat input into the vapor region for the case shown
in Fig. 2.

3.1 Case 1: Moving Vapor Region

The vapor region is initially spherical and located at the center of the tank.
The initial temperature is 20 K. As shown in Fig. 2, buoyancy effects are
significant enough to bring it near the tank wall in a short period of time.
This is not really that surprising when you consider that a similar result could
be obtained by a simple calculation based on the tank acceleration g and
the initial distance between the vapor and tank wall. For a 95% full tank,
the radius of the spherical vapor region is 55.26 cm, and the initial distance
between the vapor and tank wall is 150 cm — 55.26 cm = 94.74 ¢m. The time

1
required for the tank to travel that distance is (2-94.74/¢g)2 = 439 s, and this
is close to the time predicted by the model.

The corresponding vapor pressure curve in Fig. 3 shows that there is hardly
any change in pressure until the vapor gets very close to the wall. The simula-
tion is eventually terminated when the liquid layer between the interface and
the tank wall becomes too thin to be meaningfully resolved.

While the vapor region is being pushed up against the wall, it receives an extra
amount of heat as evidenced by the sharp upward spike in ) as indicated in
Fig. 3. However, once it begins to retract from the wall as surface tension
forces try to restore its spherical shape, it no longer receives as much heat
and () decreases. Near the end of the simulation, the bubble has moved so far
away from the wall that it receives hardly any additional heat, and, in fact,



Fig. 4. The initial (a) pressure rise and (b) net heat input when the vapor region is
spherical and fixed near the wall.

() becomes slightly negative as the excess heat stored in the vapor region gets
released into the subcooled bulk liquid.

Note that there are a number of high frequency oscillations in ) after the
initial peak. These are due to very short timescale events such as the surface
oscillations and vortex shedding caused by the draining liquid film between
the bubble and tank wall. Interestingly, the corresponding pressure curve does
not exhibit these oscillations, because according to Eq. (1), the pressure re-
sponds more to the integral of () over a longer time scale, and shorter duration
fluctuations tend to cancel each other out.

3.2 Case 2: Tank Pressurization With the Vapor Region Near the Wall

The previous case study implied that after a relatively short period of time
in microgravity, the vapor region will migrate close to the tank wall provided
there is no major change in the average direction of the residual acceleration
vector during that time. In order to investigate the long-term pressurization
without having to take the small timesteps required to resolve the free-surface
oscillations, the spherical vapor bubble is now positioned at the wall with only
a 1 mm liquid gap between the interface and the wall. The vapor region is
not allowed to move from this position or deform from its spherical shape, but
liquid is allowed to slip over its surface. The initial pressure rise does depend



Fig. 5. Final isotherms and streamlines after 75 days (right before the jet is turned
on) when the spherical vapor bubble is fixed near the wall. Minimum and maximum
temperatures are 21.85 K and 22.27 K respectively.

Table 2
Predicted maximum superheat ATy, (K) and subcooling ATy, (K) for all of the
cases considered here.

wj ATgp AT
microgravity after 75 days:

0 0.137 0.282
microgravity after 150 days:

0.005  0.148 3.80

0.05 0.383 0.019

0.5 0.125 0.001
zero gravity after 75 days:

0 0.271 0.304
zero gravity after 150 days:

0.05 0.559 0.021

on the shape of the vapor region [26], but for the purpose of demonstrating
the control strategy, only a spherical vapor region is considered presently.

At first, there is an oscillatory transient response as the fluid flow and tem-
perature fields adjust to this sudden change in heat input. This is exhibited
by the fluctuations in the pressure and net heat flow curves of Fig. 4 and
is due primarily to a competition between two convection cells in the tank.
One arises because of the thermal boundary layer at the tank wall and brings
superheated fluid up to the interface. There is an additional thermal bound-
ary layer that arises next to the liquid-vapor interface because the saturation
temperature is rising faster than the surrounding subcooled liquid. This drives
the other convection cell that brings subcooled fluid up to the interface.

10



Fig. 6. The long-term (a) vapor pressure, (b) vapor temperature and (c) net heat
input both before and after the subcooled jet has been turned on.

Eventually, the temperature and flow fields settle down into a nearly-stationary
spatial configuration as shown in Fig. 5, and the heat flux approaches a nearly-
constant value as a result. The rate of pressurization then agrees very well with
that predicted by the purely thermodynamic model of the entire tank as shown
in Fig. 6.

After 75 days, the maximum superheat is 0.137 K and occurs on the tank wall
at a point that is 7.4 cm below the top of the tank. The maximum subcooling
is 0.282 K and occurs at a point in the liquid that is 16 cm above the bottom
of the tank along the symmetry axis. The saturation temperature at this time
is 22.13 K. These superheat and subcooling values are listed in Table 2 along
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with the values for all the other cases considered here.

Note that there is significant thermal stratification in the liquid due to natural
convection. There is no such stratification in the corresponding zero-gravity
solution [26], showing that buoyancy is still playing a significant role in mi-
crogravity even though it acts over a timescale that is much larger than on
the ground. The maximum flow speed due to natural convection for the case
shown in Fig. 5 is 0.00313 cm/s at a point on the liquid-vapor interface that
is about 17 cm above the center of the vapor region. Even though this is very
slow, it has an accumulative effect over the long time span considered here.

The extent of thermal stratification can be understood by considering that
the intensity of natural convection, as measured by the Grashof number Gr =
9B pEqu R k2, is a very rapidly increasing function of the tank radius while
it is only linearly proportional to the gravitational acceleration. For the large
tank in microgravity considered here, Gr = 1.97 x 107. This is very close to the
value Gr = 2.4 x 107 for the smaller 10 cm diameter ground-based cryogenic
tank considered previously in [3] for which there was also significant thermal
stratification. For both cases, the Prandtl number is the same. Thus, it is not
surprising that a similar level of thermal stratification is observed here.

3.8 Case 3: ZBO Pressure Control With a Subcooled Liquid Jet

After 75 days of self-pressurization, the subcooled jet is turned on and its
effect on the pressure and temperature rise is determined for an additional
75 days as shown in Fig. 6. This is done for three jet speeds spanning three
orders of magnitude. Note that the thermodynamic curve does not continue
after the first 75 days since there is no easy way to account for the transient
cooling effect of the jet in the simple thermodynamic tank model.

It is assumed that the vapor region remains nearly spherical despite the influ-
ence of the jet since the ratio of the jet’s inertia to surface tension forces, as
given by the Weber number We = pyw?r? /20 R, is only We = 0.00685 < 1 for
the largest jet speed considered here.

For the lowest jet speed of w; = 0.005 cm/s, the pressure and temperature
continue to rise at nearly the same rate as before since the jet is unable to
penetrate far enough into the liquid region to reach the vapor. As shown in
Fig. 7(a), the temperature and flow field surrounding the vapor region are
nearly the same as before the jet is turned on, and the thermal stratification
is hardly disrupted since the cooling effect of the jet is limited to the bottom of
the tank. As a result, the net heat flow into the vapor is only slightly decreasing
as shown in Fig. 6(c), and this is insufficient to cause any noticeable change
in the pressure rise. At its lowest speed, the jet cannot effectively control the

12



Fig. 7. Final isotherms and streamlines after 150 days for a jet speed of (a)
wj = 0.005 cm/s, (b) wj = 0.05 cm/s and (c) wj = 0.5 cm/s. The minimum
temperature is 20 K and the maximum temperature is (a) 23.95 K, (b) 204 K, (c)
20.13 K.

pressure over the time span considered here.

The final maximum superheat and subcooling for this case are listed in Table 2.
Note that the subcooling is so large because the jet is unable to penetrate into
the liquid, so it has hardly any cooling effect at all. The subcooling is localized
to just near the jet entrance and exit. The superheat is nearly unchanged.

There are two principal reasons why the jet at this speed is unable to penetrate
into the tank. First, as shown in the previous section, the maximum speed due
to natural convection alone is 0.00313 cm/s, and this is comparable to the jet
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speed. Second, and perhaps more importantly, is the downward buoyancy force
of the subcooled jet itself. As the jet enters the tank, its temperature is 20 K,
and this is 2.13 K less than the saturation temperature at that time. Since
the jet fluid is so much cooler than the surrounding liquid, there is a strong
downward buoyancy force experienced by the jet fluid which resists its upward
motion and keeps it near the bottom of the tank.

When the jet speed is increased by an order of magnitude to w; = 0.05 cm/s,
it becomes much more effective, but it takes about 2.8 days before the onset
of any significant cooling effect since it takes that long for the cooler jet fluid
to reach the interface. Obviously, this is much slower than the timescale of
about 1.05 hr that is predicted by a simple calculation based on the jet speed
and the distance to the vapor.

Since the jet speed is now about 16 times larger than the speed due to natural
convection, that is no longer a principal factor, but, instead, this discrepancy
in jet penetration time is due mostly to the downward buoyancy force of the
cooler jet fluid itself. This downward force is very strong because the jet fluid
is about 2 K cooler than the surrounding liquid, and buoyancy acts to keep the
cooler fluid at the bottom of the tank. Hence, the jet fluid takes much longer
to reach the vapor than it would in the complete absence of buoyancy effects.
Again, this shows that buoyancy for such a large tank is still important even
in microgravity.

Once cooling begins, it takes another 45 days or so for the jet to bring the
saturation temperature and vapor pressure back down to their initial values.
This time, the cooler jet fluid penetrates into the liquid region and encapsu-
lates the entire vapor region as indicated by the final isotherms in Fig. 7(b).
Even so, there is still some thermal stratification in the remainder of the lig-
uid. The final maximum superheat and subcooling are also listed in Table 2.
Note that despite the fact that the subcooling is much smaller now because
the cooler jet fluid encapsulates the vapor region, the superheat is even larger
than before.

The cooling effect is further enhanced when the jet speed is increased by
another order of magnitude to w; = 0.5 cm/s. In this case, the pressure and
temperature start dropping after only 6 min, which is in better agreement with
the timescale based solely on distance and jet speed. The downward buoyancy
force of the subcooled jet is now much weaker when compared to the jet’s
increased momentum.

Once cooling begins, it only takes about 5 hr for the jet to bring the saturation
temperature and vapor pressure back down to their initial values. The final
temperature profile also shows that the recirculation of cooler fluid due to the
jet flow now encompasses over half of the liquid volume, and the circulation
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Fig. 8. Comparison between microgravity and zero gravity pressure control when
the jet speed is w; = 0.05 cm/s. The (a) vapor pressure, (b) vapor temperature and
(c) net heat input.

cell due to natural convection is much weaker and only limited to a small
region near the bottom of the tank. As a result, thermal stratification in the
liquid has been almost entirely disrupted by the jet. This is also reflected in
the lower superheat and subcooling values listed in Table 2.

The assertion made earlier (that buoyancy is responsible for slowing the jet
penetration) is verified by running another case with jet speed w; = 0.05 cm/s
but without any buoyancy forces (zero gravity) and comparing to the previous
microgravity solution. This is done in Fig. 8, and it is clear that there is a
significant difference due to buoyancy. In zero gravity, it only takes about
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Fig. 9. Comparison of jet penetration times with the same jet speed of
wj = 0.05 cm/s for both microgravity and zero gravity environments. Isotherms
and streamlines just as the subcooled jet reaches the vapor, which takes (a) 2.8
days in microgravity but only about (b) 1.1 hr in zero gravity. Minimum tempera-
ture is 20 K and maximum temperature is (a) 22.34 K and (b) 22.22 K.

1.1 hr for the jet to reach the vapor compared to the 2.8 days predicted
for microgravity, and this is in better agreement with the simpler calculation
based on jet speed and distance that was predicted to be about 1.05 hr.

The isotherms and streamlines are compared in Fig. 9 at the time when the
jet first reaches the vapor region. There is noticeable thermal stratification
in the bulk liquid for the microgravity case that is absent in the zero gravity
case. As shown in Table 2, the superheat and subcooling are generally higher
in zero gravity than in microgravity because of the absence of any mixing
effects due to natural convection. Before the jet is turned on, the pressure
curve for zero gravity is closer to purely thermodynamic predictions, because
in microgravity, natural convection brings warmer fluid up to the interface,
leading to a more rapid initial pressure rise. After the initial transient, the slope
of both curves agrees with thermodynamics even though the actual pressures
are quite different.
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4 Conclusions

In this paper, we have carefully examined the pressurization of a large liquid
hydrogen storage tank in microgravity, and we have demonstrated the feasibil-
ity of zero boil-off (ZBO) pressure control using a subcooled liquid jet through
a number of parametric numerical case studies.

The results show, somewhat surprisingly, that buoyancy and natural convec-
tion are still important in microgravity and cannot be ignored when predicting
the pressurization of large cryogenic tanks in space. First and foremost, it is
clear that for such large tanks in space, typical average residual accelerations
are enough to rapidly move the vapor region up to the tank wall as compared
to the conduction and natural convection time scales. Thus, when considering
this class of problems, the overall location of the vapor region can be pre-
dicted with some degree of certainty if the temporally-averaged direction and
magnitude of the acceleration vector are known.

Because of this tendency of the vapor region to move rapidly towards the tank
wall, the long-term tank pressurization was studied with the vapor region fixed
near the tank wall. However, the reader is cautioned that these predictions
should only be regarded as depicting average long-term trends, especially since
the short-term microgravity simulations presented here clearly indicate that
oscillations of the free surface can lead to short-term fluctuations in the total
heat flow into the vapor region. Nevertheless, these fluctuations still occur on a
timescale much shorter than the other important transport-related timescales
of this problem, so the predicted long-term trends can still be regarded as
largely valid.

It was shown that for relatively large tanks such as the one considered here,
natural convection plays a significant role, even in microgravity, because there
is pronounced thermal stratification in the liquid that is clearly due solely to
the effects of natural convection. After a lengthy initial transient response,
the rate of tank pressurization eventually agrees with purely thermodynamic
predictions even though the final pressure levels are quite different mainly
because of these initial transients. The pressurization curve for zero gravity
more closely follows thermodynamics as compared to microgravity because of
different initial transients.

It is also shown that a subcooled jet can control the tank pressure in mi-
crogravity as long as it is strong enough to penetrate through the liquid and
encapsulate the vapor region. The jet penetration is hindered by its own intrin-
sic buoyancy force since the jet fluid is so much cooler than the surrounding
liquid as it first enters the tank. The downward buoyancy force opposes the
jet’s upward motion and increases the amount of time required for the jet to

17



reach the vapor region and initiate cooling. For a fast enough jet, the buoy-
ancy force becomes less important when compared to the jet’s momentum,
and cooling can be achieved much more rapidly.
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Fig. 1. The liquid-vapor configuration assumed for the present space-based tank
model.

Fig. 2. Isotherms and streamlines after (a) 259 s, (b) 463 s and (c) 567 s as the
initially-centered spherical vapor bubble rises due to buoyancy. The minimum tem-
perature is 20 K and the maximum temperature is (a) 20.00012 K, (b) 20.0058 K
and (c) 20.0072 K.

Fig. 3. The pressure rise and net heat input into the vapor region for the case shown
in Fig. 2.

Fig. 4. The initial (a) pressure rise and (b) net heat input when the vapor region is
spherical and fixed near the wall.

Fig. 5. Final isotherms and streamlines after 75 days (right before the jet is turned
on) when the spherical vapor bubble is fixed near the wall. Minimum and maximum
temperatures are 21.85 K and 22.27 K respectively.

Fig. 6. The long-term (a) vapor pressure, (b) vapor temperature and (c) net heat
input both before and after the subcooled jet has been turned on.

Fig. 7. Final isotherms and streamlines after 150 days for a jet speed of (a)
wj = 0.005 cm/s, (b) wj = 0.05 cm/s and (c) wj = 0.5 cm/s. The minimum
temperature is 20 K and the maximum temperature is (a) 23.95 K, (b) 20.4 K, (c)
20.13 K.

Fig. 8. Comparison between microgravity and zero gravity pressure control when
the jet speed is w; = 0.05 cm/s. The (a) vapor pressure, (b) vapor temperature and
(c) net heat input.

Fig. 9. Comparison of jet penetration times with the same jet speed of
wj = 0.05 cm/s for both microgravity and zero gravity environments. Isotherms
and streamlines just as the subcooled jet reaches the vapor, which takes (a) 2.8
days in microgravity but only about (b) 1.1 hr in zero gravity. Minimum tempera-
ture is 20 K and maximum temperature is (a) 22.34 K and (b) 22.22 K.
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